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World  energy  demand  is  projected  to  rise  to  1000EJ  (EJ  =  1 018  J)  or  more  by  2050  if  economic  growth 
continues  its  course  of  recent  decades.  Both  reserve  depletion  and  greenhouse  gas  emissions  will  neces¬ 
sitate  a  major  shift  from  fossil  fuels  as  the  dominant  energy  source.  Since  nuclear  power  is  now  unlikely 
to  increase  its  present  modest  share,  renewable  energy  (RE)  will  have  to  provide  for  most  energy  in  the 
future.  This  paper  addresses  the  questions  of  what  energy  levels  RE  can  eventually  provide,  and  in  what 
time  frame.  We  find  that  when  the  energy  costs  of  energy  are  considered,  it  is  unlikely  that  RE  can  provide 
anywhere  near  a  1000  EJ  by  2050.  We  further  show  that  the  overall  technical  potential  for  RE  will  fall  if 
climate  change  continues.  We  conclude  that  the  global  shift  to  RE  will  have  to  be  accompanied  by  large 
reductions  in  overall  energy  use  for  environmental  sustainability. 
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1.  Introduction:  world  energy  projections 

Global  primary  energy  consumption  from  all  sources  in  2008 
was  514  EJ  (EJ  =  exajoule  =  1018  J),  with  over  80%  being  from  fossil 
fuels  [1  ].  What  is  energy  use  likely  to  be  in  the  years  2030,  2050  or 
even  2100?  Various  organisations  such  as  the  oil  companies  BP  and 
Shell,  the  US  Energy  Information  Administration  (EIA),  the  Euro¬ 
pean  Commission  (EC),  the  International  Energy  Agency  (IEA),  the 
International  Atomic  Energy  Agency  (IAEA),  the  International  Insti¬ 
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tute  for  Applied  Systems  Analysis  (IIASA)  and  the  World  Energy 
Council  (WEC)  have  all  projected  values  for  one  or  more  of  these 
future  dates  [2-9].  The  lowest  and  highest  values  for  projected  pri¬ 
mary  energy  use  from  each  of  these  organisations  are  shown  in 
Table  1.  There  is  remarkably  little  spread  of  values  either  within  or 
between  the  various  projections  up  to  2050.  By  2050,  world  energy 
use  is  forecast  to  rise  to  800  EJ  or  more,  and  the  one  projection  for 
2100  envisages  that  levels  as  high  as  1740EJ  could  occur. 

The  last  entry  in  the  table  shows  the  estimates  by  the  Tellus 
Institute  [10].  This  organisation  included  in  its  scenarios  a  trans¬ 
formational  one  in  which  economic  growth  was  no  longer  a  key 
aim  of  economies.  Although  the  upper  values  for  energy  use  in 
each  year  are  similar  to  the  other  upper  values  in  Table  1  (reflect¬ 
ing  business-as-usual  scenario  variants),  the  lower  values  are  very 
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Table  1 


Global  primary  energy  projections,  2020 

-2100,  inEJ. 

Organisation  and 
year 

2020 

2030 

2050 

2100 

BP  (2011)  [2] 

565-635 

600-760 

NA 

NA 

EC  (2006)  [5] 

570-610 

650-705 

820-935 

NA 

EIA  (2010)  [4] 

600-645 

675-780 

NA 

NA 

IAEA  (2009)  [7] 

585-650 

670-815 

NA 

NA 

IEA  (2010)  [6] 

NA 

605-705 

NA 

NA 

IIASA  (2007)  [8] 

555-630 

NA 

800-1175 

985-1740 

Shell  International 

630-650 

690-735 

770-880 

NA 

(2008)  [3] 

WEC  (2008)  [9] 

615-675 

700-845 

845-1150 

NA 

Tellus  Institute 

504-644 

489-793 

425-1003 

243-1200 

(2010)  [10] 


different,  particularly  after  2020,  where  they  progressively  fall  to 
243  EJ  by  2010.  The  2100  value  is  less  than  a  quarter  of  the  IIASA’s 
minimum  scenario  value  for  2100.  Much  of  this  lower  energy  con¬ 
sumption  in  2100  is  a  result  of  a  far  lower  global  GDP  than  in  the 
Tellus  high  energy  scenario,  but  like  the  energy  projections  of  other 
organisations,  energy  intensity  is  also  expected  to  fall.  Such  low 
energy  use  would  delay  fossil  fuel  depletion,  adding  plausibility  to 
the  scenario. 

Another  approach  to  projecting  energy  demand  is  to  ask  what 
future  energy  demand  levels  would  occur  if  the  entire  world 
achieved  present  OECD  levels  of  per  capita  energy  consumption. 
At  present,  energy  and  electricity  consumption  values,  and  C02 
emissions  from  fossil  fuels,  all  on  a  per  capita  basis,  vary  greatly 
from  country  to  country,  as  shown  in  Table  2.  Electricity  use  is  far 
more  polarised  than  primary  energy,  since  the  latter  figures  include 
non-commercial  fuel  wood,  which  accounts  for  most  energy  use  in 
very  low  income  countries.  Assume  that  the  global  2050  popula¬ 
tion  is  9.15  billion,  the  median  UN  [11]  estimate.  If  all  have  the 
same  per  capita  energy  use  as  the  2008  OECD  average,  (and  per 
capita  use  in  the  OECD  appears  to  have  stabilised)  global  energy 
consumption  would  be  1748  EJ,  much  higher  than  the  projections 
given  in  Table  1  for  2050.  If  the  present  US  per  capita  level  of  3 14  GJ 
(GJ  =  gigajoule  =  1 09  J)  was  the  standard  for  energy  consumption, 
the  figure  would  rise  to  2873  EJ. 

Yet  another  approach  has  been  proposed— the  2  kW  society  [12]. 
Spreng  argued  that  a  continuous  power  of  2  kW  (63  GJ/capita/year) 
for  everyone  would  be  sufficient  to  provide  all  with  a  high  qual¬ 
ity  of  life,  compared  with  the  2008  level  of  77  GJ/capita  (Table  2). 
By  the  year  2050,  63  GJ  for  all  would  require  577  EJ  annually,  not 
much  above  the  present  level,  but  the  total  would  further  increase 
as  long  as  global  population  continued  to  rise.  Of  course  2  kW  for 
all  would  mean  cuts  in  the  present  OECD  level  from  191  GJ  to  63  GJ. 
In  summary,  in  the  ‘business-as-usual’  future  assumed  by  all  the 


Table  2 

Energy  use  and  emissions  per  capita  in  2008,  various  countries. 


Country 

Primary 
energy  use 
(GJ/capita) 

Electricity 

use 

(kWh/capita) 

Fossil  fuel 
C02 

(t/capita) 

Qatar 

788 

15,680 

42.09 

Iceland 

690 

49,818 

6.89 

UAE 

546 

16,895 

32.77 

Luxembourg 

353 

15,883 

21.27 

USA 

314 

13,647 

18.38 

China 

67 

2453 

4.91 

Tanzania 

19 

84 

0.14 

Ethopia 

16 

42 

0.08 

Haiti 

12 

23 

0.24 

Eritrea 

6 

48 

0.09 

OECD  average 

191 

8486 

10.61 

World  average 

77 

2782 

4.39 

Source:  [6]. 


organisations  (except  Tellus)  listed  in  Table  1 ,  we  will  need  roughly 
600-800  EJ  by  2030,  and  up  to  1 000  EJ  by  2050.  Energy  consumption 
equality  at  2008  OECD  levels  by  2050  would  need  about  1750EJ, 
but  global  energy  equality  at  2  kW  would  only  need  a  third  of  this 
level. 


2.  Estimates  for  technical  potential  of  renewable  energy 

The  previous  section  demonstrated  that  world  energy  demand 
in  2050  could  be  in  the  range  800-1000  EJ  in  a  business-as-usual 
world,  assuming  steady  growth  in  the  global  economy.  The  obvious 
question  arises:  how  is  this  energy  demand  to  be  met?  Like  today,  it 
must  come  from  some  mix  of  fossil,  renewable  and  nuclear  energy 
sources,  but  the  mix  may  be  very  different  from  today’s. 

The  present  heavy  emphasis  on  fossil  fuels  will  have  to  change, 
even  though  all  except  the  last  projection  in  Table  1  assume  its  con¬ 
tinuance  as  the  major  energy  source.  Fossil  fuels  cannot  continue 
to  dominate  energy  provision  for  more  than  a  couple  of  decades, 
for  two  reasons.  First,  it  is  likely  that  reserves  of  easily  extracted  oil, 
gas  and  even  coal  will  all  have  peaked  by  2030  [13-17].  The  peak  in 
output  will  not  only  be  determined  by  geological  depletion,  but  also 
by  national  resource  politics.  Energy  exporting  countries  could  in 
future  restrict  outputs  to  gain  political  leverage,  or  to  extend  the  life 
of  their  reserves  in  order  to  either  provide  future  export  earnings 
or  for  their  own  energy  security  [14]. 

Second,  fossil  fuels  are  responsible  for  an  estimated  74%  of  all 
C02  emissions  [18].  Global  atmospheric  levels  are  now  at  390  ppm, 
and  some  Earth  scientists  have  argued  that  this  level  is  already  too 
high,  and  should  be  reduced  to  350  ppm  [19,20],  mainly  to  prevent 
irreversible  loss  of  the  Greenland  ice  cap.  Any  move  to  uncon¬ 
ventional  fossil  fuel  sources,  such  as  the  Canadian  oil  sands,  deep 
ocean  oil  or  shale  gas  will  significantly  increase  the  monetary,  envi¬ 
ronmental  and  greenhouse  gas  costs  per  unit  of  delivered  energy 
[14].  Proposed  solutions  for  countering  the  climate  impacts  of  fossil 
fuel  emissions  include  C02  capture  from  large  fossil  fuel  combus¬ 
tion  plants,  and  even  direct  C02  capture  from  the  air,  followed  by 
sequestration,  and  geoengineering.  All  face  serious  problems,  such 
as  progressive  ocean  acidification  for  geoengineering  [14],  and  nei¬ 
ther  would  address  fossil  fuel  depletion. 

Nuclear  energy  has  been  proposed  as  a  solution  to  the  twin 
challenges  that  face  fossil  fuels.  But  even  organisations  favourable 
to  nuclear  development,  such  as  the  IAEA  [7],  did  not  envisage 
nuclear  energy  increasing  its  share  much  beyond  its  present  5.8%, 
even  in  scenarios  most  favourable  to  nuclear  power  (and  before 
the  accidents  at  the  Fukushima  Daiichi  reactors  in  March  2011). 
These  forecasts  are  consistent  with  the  stagnation  in  the  nuclear 
share  of  total  energy  supply  over  the  past  decade  [1].  This  stag¬ 
nation  is  the  result  of  the  high  costs  and  long  lead  times  for 
nuclear  plant  construction,  and  widespread  political  opposition  to 
nuclear  power,  which  is  unlikely  to  wane  as  long  as  the  reactor 
safety,  waste  disposal  and  nuclear  proliferation  problems  remain 
unsolved  [14]. 

The  earthquake  and  tsunami  that  struck  Japan  on  the  11th 
March  201 1  will  further  reduce  future  nuclear  power  generation 
[21  ].  Apart  from  the  electricity  generation  lost  from  the  irreparably 
damaged  reactors,  other  reactors  in  Japan  are  likely  to  experience 
prolonged  shutdowns  to  install  safety  upgrades.  Japan  has  already 
scrapped  plans  for  14  new  reactors  [22].  Ageing  reactors  in  both 
Europe  and  North  America  might  also  be  at  least  temporarily  closed, 
and,  lifetime  extensions  for  older  plants  are  now  less  likely  to  be 
approved. 

If  C02  levels  are  already  too  high  and  nuclear  energy  can  at  best 
be  only  a  minor  contributor  to  the  future  energy  mix,  then  the  vari¬ 
ous  forms  of  renewable  energy  (RE)  will  have  to  provide  for  the  bulk 
of  future  energy  needs.  But  not  only  must  we  attempt  to  answer  the 
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question  of  whether  RE  can  meet  nearly  all  future  energy  demands, 
but  also  what  the  timetable  for  the  transition  from  fossil  fuels  to  RE 
might  feasibly  look  like. 

Table  3  shows  how  various  energy  researchers  have  answered 
the  first  question.  It  shows  the  technical  potential  for  the  six  main 
groupings  for  renewable  energy.  Only  some  very  minor  possible  RE 
sources,  such  as  the  osmotic  pressure  transition  between  freshwa¬ 
ter  and  seawater,  have  been  omitted.  The  ocean  energy  category 
includes  tidal,  ocean  current,  and  wave  energy  as  well  as  ocean 
thermal  energy  conversion.  The  technical  potentials  for  solar,  wind, 
hydro  and  ocean  energy  are  given  as  the  gross  output  of  electricity 
possible.  For  biomass,  the  values  refer  to  the  primary  energy  of  the 
biomass  before  any  conversion;  for  geothermal  energy,  electricity 
and  the  vastly  larger  low  temperature  direct  heat  potentials  have 
been  listed  separately.  The  only  important  omitted  category  is  pas¬ 
sive  solar  energy,  which  can  be  difficult  to  separate  from  energy 
efficiency  measures. 

Ideally,  technical  potential  values  should  exclude  possible  loca¬ 
tions  with  incompatible  land  uses  [14,23,24].  However,  these 
exclusions,  if  considered  at  all,  have  not  been  consistently  applied 
across  all  RE  sources.  Particularly  for  hydro  energy,  sizeable  settle¬ 
ments  and  even  large  cities  have  been  demolished  to  make  way 
for  hydro  reservoirs,  mainly  in  industrialising  countries.  And  as  we 
show  below,  determining  which  areas  to  exclude  for  RE,  especially 
biomass,  is  very  difficult.  Some  of  the  studies  in  Table  3  also  give  RE 
economic  potentials,  which  can  be  defined  as  that  part  of  the  tech¬ 
nical  potential  which  is  economically  feasible  given  the  costs  for 
competing  energy  sources  [24].  Some  of  the  upper  values  listed  can 
be  quickly  ruled  out.  For  biomass,  1500EJ  is  79%  of  the  terrestrial 
NPP,  and  is  in  addition  to  other  major  human  uses  of  biomass.  The 
highest  geothermal  value  is  two  orders  of  magnitude  larger  than 
the  annual  replenishment  rate,  suggesting  this  rate  of  extraction 
could  not  be  sustained  for  long. 

All  RE  capture  devices  require  inputs  of  energy  in  order  to  gen¬ 
erate  an  energy  output.  Using  wind  energy  as  an  example,  energy 
inputs  are  needed  to  manufacture  the  turbine  and  its  support  struc¬ 
ture,  for  building  support  infrastructure  (access  roads,  transmission 
lines),  for  operation  and  maintenance,  and  finally  for  decommis¬ 
sioning  and  removal  of  the  turbine.  The  ratio  of  gross  energy  output 
to  energy  inputs,  (both  measured  in  common  energy  units,  usu¬ 
ally  primary  energy)  we  call  the  energy  ratio.  Net  energy  is  gross 
energy  output  less  input  energy;  it  is  net  energy  which  fuels  the 
non-energy  sectors  of  the  economy. 

Table  3  shows  that  for  all  six  forms  of  RE  listed,  except 
hydropower,  published  estimates  span  an  enormous  range.  Upper 
and  lower  published  values  can  vary  by  one  and  sometimes  two 
orders  of  magnitude  (or  even  more  for  geothermal  energy).  This 
range  raises  serious  questions  about  the  usefulness  of  technical 
potential  figures.  One  problem  is  that  these  estimates  are  not  usu¬ 
ally  based  on  calculations  of  energy  ratios.  For  an  RE  source  to  be 
viable,  an  energy  ratio  of  at  least  one,  and  probably  much  higher, 
perhaps  five,  is  needed  [34],  although  this  requirement  can  be 
relaxed  during  the  development  stages  for  a  new  RE  source.  If 
this  criterion  was  applied,  the  upper  values  of  the  estimates  would 
probably  be  far  lower.  More  importantly,  published  values  of  tech¬ 
nical  potential  unwittingly  give  the  false  impression  that  the  first 
and  last  EJ  of  technical  potential  for  a  given  RE  source  have  similar 
costs  and  net  energy. 

3.  Energy  ratios  for  RE  will  fall  as  annual  output  rises 

In  this  section  we  examine  why  the  energy  ratio  for  each  RE 
source,  whether  considered  at  either  regional  or  global  scales,  will 
decline  as  annual  output  rises.  We  will  mainly  do  so  on  general 
grounds,  as  very  few  researchers  have  tried  to  document  how 


energy  ratio  varies  with  output,  except  for  wind  energy.  For  wind 
energy,  however,  several  researchers  have  assessed  the  energy 
ratio  decline  at  both  local  and  global  levels;  accordingly,  quanti¬ 
tative  analysis  is  possible  for  wind  energy.  But  before  doing  so,  we 
will  first  need  to  examine  how  calculated  energy  ratios  vary  even 
for  a  given  RE  device  in  a  given  setting. 

Energy  researchers  have  used  two  main  methods  for  calculating 
input  energy  costs.  Process  analysis  is  a  bottom-up  approach  that 
looks  at  the  materials  embodied  in  a  wind  turbine  and  its  tower,  for 
example,  and  calculates  the  energy  cost  of  their  manufacture.  The 
energy  costs  for  site  assembly  are  calculated  from  the  fuel  used 
for  equipment  such  as  bulldozers,  and  so  on.  The  input-output 
method  is  based  on  the  detailed  input-output  analyses  of  national 
economies.  The  hybrid  method  combines  both  approaches,  using 
the  input-output  approach  to  capture  energy  costs  usually  ignored 
by  process  analysis,  such  as  the  energy  costs  of  supporting  goods 
and  services.  The  calculated  energy  ratios  can  be  very  different 
for  the  different  approaches.  Using  hybrid  analysis,  Crawford  [35] 
showed  that  the  energy  ratio  for  a  given  wind  turbine  is  much 
smaller  than  calculated  by  process  analysis.  Zhai  and  Williams  [36] 
also  found  much  lower  hybrid  analysis  energy  ratios  than  those 
usually  calculated,  this  time  for  photovoltaic  (PV)  systems. 

3.2.  Wind  energy  potential  and  energy  ratio 

Lenzen  and  Munksgaard  [37]  in  their  comprehensive  analysis 
of  the  energy  analyses  in  the  literature  for  wind  turbines  noted  the 
importance  of  the  capacity  factor,  which  is  a  proxy  for  average  wind 
speed.  The  importance  of  capacity  factor  was  further  illustrated  by 
Honnery  and  Moriarty  [38],  who  showed  that  as  global  wind  energy 
production  increased,  the  marginal  capacity  factor  of  wind  turbines 
decreased,  while  Hoogwijk  and  colleagues  [23]  using  wind  energy 
costs  (cents/kWh),  demonstrated  a  similar  result. 

A  more  explicit  relationship  between  energy  ratio  (Er)  and  global 
wind  energy  potential  can  be  obtained  by  combining  the  wind 
energy  production  data  from  Honnery  and  Moriarty  [38]  with  the 
input  energy  data  from  their  201 1  paper  [39]  which  is  derived  from 
Crawford  [35].  In  this  estimate,  wind  energy  potential,  expressed  as 
annual  gross  electrical  energy  output,  is  obtained  by  placing  a  2  MW 
wind  turbine  per  square  kilometer  of  available  global  land  surface. 
Output  electrical  power  is  determined  via  a  calculation  based  on 
local  wind  speeds  and  land  surface  conditions  for  each  turbine. 
Input  energy  per  turbine  accounts  for  both  turbine  production  and 
operation  over  a  typical  20  year  life  time. 

The  result  is  shown  in  Fig.  1  for  two  different  land  coverage 
cases.  In  the  unconstrained  case,  all  land  area  is  considered;  in  the 
land  constrained  case,  similar  to  [23  ],  sensitive  areas  such  as  forests 
and  wetlands,  as  well  urban  areas,  irrigated  cropland  and  pasture 
are  removed.  Removing  these  areas  has  the  effect  of  reducing  the 
gross  amount  of  energy  produced.  For  both  cases,  annual  energy 
power  output  is  shown  as  a  distribution  in  energy  ratio  and  as  a 
cumulative  sum  of  the  distribution  with  the  summation  occurring 
from  highest  to  lowest  energy  ratio. 

In  the  figure,  the  reduction  in  energy  ratio  with  increasing 
annual  gross  wind  energy  output  is  clearly  evident;  in  both  cases, 
around  half  the  output  occurs  for  a  marginal  energy  ratio  of  around 
Er  =  8,  with  greater  sensitivity  at  higher  energy  ratios  because  of 
the  limited  number  of  locations  with  high  average  wind  speeds. 
Although  there  is  a  slight  bias  away  from  higher  energy  ratios  with 
implementation  of  the  land  constraints,  the  reduction  in  output 
that  occurs  is  distributed  uniformly. 

In  the  data  presented  in  Fig.  1,  turbine  input  energy  is  inde¬ 
pendent  of  local  conditions;  a  constant  value  per  turbine  is  used. 
Among  the  many  factors  which  could  alter  this  are  the  distance  the 
turbine  array  is  to  the  nearest  high  voltage  grid,  the  distance  to  the 
nearest  population  centre,  the  available  infrastructure  (e.g.  roads, 
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Table  3 

Published  estimates  for  RE  global  technical  potential. 


Study  and  year  of  estimate 

Solar 

Wind 

Ocean 

Hydro 

Biomass 

Geothermal 

Electricity 

Heat 

Hafele  (1981)  (‘ realizable ’  potential ) 

NA 

95  (32) 

33  (16) 

95  (47) 

189(161) 

3.2  (3.2) 

47(16) 

Lightfoot/Green  (2002)  ( range  of  values) 

163  ( 118-206 ) 

72  {48-72) 

0(1. 8-3.6) 

19(16-19) 

539  (373-772) 

1.5  (1.5) 

NA  (NA) 

Gross  et  al.  (2003) 

43-144 

72-1443 

7-14b 

NA 

29-90 

NA 

14-144c 

Sims  et  al.  (2007) 

1650 

600 

7 

62 

250 

NA 

5000c 

Field  et  al.  (2008) 

NA 

NA 

NA 

NA 

27 

NA 

NA 

Resch  et  al.  (2008) 

1600 

600 

NA 

50 

250 

NA 

5000c 

Klimenko  et  al.  (2009)  (‘ economic ’  potential) 

2592  (19) 

191  (8.6) 

22  (2.2) 

54  (29) 

NA (NA) 

22  (3.6) 

NA (NA) 

Cho  (2010) 

>1577 

631 

NA 

50 

284 

NA 

120 

Tomabechi  (201 0)d 

1600 

700 

11 

59 

200 

NA 

310,000c 

WEC  (2010) 

NA 

NA 

7.6b 

57.4 

50-1500 

1.1 -4.4 

140 

All  studies  range 

118-2592 

48-600 

1.8-33 

50-95 

27-1500 

1.1-22 

14-310,000 

Earth  energy  flows 

3,900,000 

28,400 

700 

130-160 

3000 

1300 

Source:  [14,18,25-33]. 

NA:  not  available. 
a  Onshore  only. 
b  Wave  only. 

c  Includes  both  electricity  and  direct  heat. 
d  Usable  maximum’. 


water,  etc.)  and  terrain  complexity.  While  it  is  possible  to  correlate 
these  factors  with,  for  example,  local  average  wind  speed,  global 
wind  energy  studies  are  yet  to  attempt  this. 

Some  insight  into  the  potential  importance  of  local  conditions 
on  system  input  energy  can  be  gained  by  looking  at  the  global 
distribution  of  wind  energy  potential.  Around  50%  of  global  wind 
energy  occurs  in  just  5  countries  (USA,  Russia,  Canada,  Australia  and 
Argentina)  [38].  Yet,  these  countries  account  for  only  around  10% 
of  the  global  population,  and  about  20%  of  total  land  surface  area. 
Redistributing  energy  from  energy  rich  to  energy  poor  regions  will 
result  in  higher  energy  inputs  as  grids  are  extended  or  energy  is 
converted  to  other  sources  (e.g.  hydrogen)  for  export.  It  will  also 
result  in  reduced  net  energy  output  through  higher  system  losses 
(e.g.  transmission  and  voltage  conversion).  These  factors  will  act  to 
shift  global  potential  to  lower  energy  ratios  than  indicated  in  Fig.  1 . 

3.2.  Other  RE  sources 

Given  the  often  unique  relationship  between  an  RE  resource  and 
its  energy  transformation  technology,  each  RE  system  will  have 


its  own  input  energy  sensitivity.  As  an  example,  for  Hot  Dry  Rock 
geothermal  electricity,  Herendeen  and  Plant  [40]  observed  that  ‘the 
energy  ratio  is  strongly  dependent  on  the  size  of  the  fracture  pro¬ 
duced’.  Their  data  also  showed  that  the  energy  ratio  increased  as 
the  thermal  gradient  rose  from  35°C/km  to  55°C/km.  Conversely, 
the  energy  ratio  will  fall  as  high  thermal  gradient  fields  are  prefer¬ 
entially  developed,  and  progressively  deeper  heat  sources  must  be 
exploited. 

Bioenergy  is  only  one  of  the  many  uses  for  biomass;  we  also  use 
biomass  for  food  crops,  for  animal  forage,  for  natural  fibres  (e.g. 
cotton,  flax),  and  for  forestry  products,  both  for  construction  and 
for  the  paper  and  pulp  industries.  Some  sources  for  bioenergy  are 
fortunately  complementary  to  other  biomass  uses,  such  as  crop  and 
forest  residues  surplus  to  those  needed  for  maintaining  soil  fertil¬ 
ity  and  preventing  erosion.  Use  of  other  sources,  such  as  feedlot 
effluent  wastes,  or  municipal,  sawmill  or  sugar  cane  wastes,  can 
help  solve  waste  disposal  problems.  Using  sewage  gas  or  landfill 
gas  can  reduce  emissions  of  methane,  a  potent  greenhouse  gas,  to 
the  atmosphere  [41  ].  The  energy  ratio  for  these  bioenergy  fuels  can 
be  very  favourable,  because  of  low  ascribed  input  energy  costs. 
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Fig.  1.  Global  annual  gross  wind  energy  output  against  energy  ratio  (Er).  Energy  is  shown  as  both  a  cumulative  sum  for  the  marginal  £r  (left  axis)  and  distribution  in  £r  (right 
axis).  See  text  for  explanation  of  the  three  cases  shown  in  the  figure. 
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But  these  sources  can  only  provide  a  limited  amount  of  bioen¬ 
ergy,  even  if  locally  important  [41  ].  They  may  even  decrease  in 
future:  municipal  wastes  if  packaging  is  decreased  or  organic 
wastes  are  recycled;  crop  and  forestry  wastes  if  increasing  soil  ero¬ 
sion  risk  (see  Section  5.1)  necessitates  that  more  of  these  wastes 
are  left  in  place.  For  large  quantities  of  bioenergy,  plantations  will 
be  needed.  But,  as  we  have  shown  elsewhere  [41  ],  the  energy  ratio 
for  such  fuels  will  be  far  lower  than  for  true  biomass  wastes. 

Ocean  thermal  energy  conversion  (OTEC)  could  produce  con¬ 
stant  power  output— at  least  for  small  islands.  But  for  major  energy 
output  from  OTEC,  the  units  would  need  to  be  ship-mounted  and 
move  over  tropical  oceans,  in  order  to  maintain  surface  vs.  depth 
temperature  differences.  A  cable  link  to  shore  would  no  longer  be 
possible,  and,  the  electricity  would  need  to  be  converted  and  stored 
on  board  for  later  delivery  to  shore  [34].  Larger  amounts  of  OTEC 
energy  would  thus  only  be  available  at  declining  energy  ratios. 

Over  two  decades  ago,  Baines  [42]  analysed  New  Zealand  hydro 
projects  and  found  that  the  energy  ratio  was  lower  for  newer 
projects  and  predicted  that  for  future  projects  the  ratio  would  con¬ 
tinue  to  fall.  This  is  in  accord  with  the  view  of  Pritchard  [43],  that 
the  world  has  fewer  and  fewer  good  sites  left  for  hydro  dam  devel¬ 
opment.  Different  hydro  projects  will  differ  in  terms  of  surface  area 
of  the  impounded  reservoir  per  EJ  of  electricity  generated  annually 
[44],  and  also  in  terms  of  cubic  metres  of  dam  wall  material  per 
annual  energy  output;  both  factors  are  important  for  the  energy 
ratio. 

Global  solar  energy  potential  is  so  vast  that  it  might  seem  that 
any  significant  decline  in  energy  ratio  would  occur  at  energy  lev¬ 
els  well  beyond  those  of  human  interest.  After  all,  the  world’s  hot 
deserts  are  tens  of  millions  of  km2  in  extent,  with  low  populations. 
Every  one  million  km2  of  the  Sahara  (assuming  an  average  annual 
insolation  of  2300  kWh/m2)  would  have  an  annual  solar  energy 
input  of  8280  EJ.  At  50%  coverage  by  collector  surface  and  10%  con¬ 
version  efficiency,  electrical  output  would  be  414  EJ  per  million 
km2 .  These  arid,  largely  cloudless  regions  would  be  seemingly  well- 
suited  for  Solar  Thermal  Energy  Conversion  (STEC)  plants.  However, 
the  vast  areas  of  the  Sahara  covered  with  moving  sand  (dune  fields) 
cannot  be  used  for  PV  or  STEC  farms;  instead,  the  more  surface- 
stable  semi-arid  regions  will  be  favoured.  These  areas  have  some 
vegetation— and  inhabitants. 

These  deserts  of  North  Africa  are  part  of  the  ambitious  Desertec 
plan  to  supply  15%  of  European  electricity  demand  by  2050,  at  a 
cost  estimated  in  2009  at  400  billion  Euros  [45].  However,  while 
15%  of  electricity  from  STEC  plants  might  be  accommodated  in  a 
greatly  extended  and  strengthened  European  grid,  the  intermittent 
RE  sources,  wind,  solar,  and  perhaps  ocean  energy  may  have  to  sup¬ 
ply  most  of  the  world’s  energy  needs,  both  electric  and  non-electric. 
It  will  therefore  prove  necessary  to  convert  most  intermittent  elec¬ 
tricity  into  an  energy  form  that  can  be  stored  and  transported, 
probably  hydrogen  [38].  But  such  a  need  for  conversion  and  storage 
could  reduce  net  energy  output  by  up  to  half,  with  a  correspond¬ 
ing  fall  in  energy  ratio.  Even  though  some  storage  is  possible  with 
STEC  systems,  the  world’s  cloudless  desert  regions  lie  mainly  in 
sub-tropical,  not  equatorial,  regions.  But  at  35°  N  (the  latitude  of 
the  initial  STEC  plants  in  California)  or  35°  S,  winter  insolation  is 
only  about  half  that  of  the  level  in  summer.  Attempting  to  provide 
for  peak  winter  energy  demands  in  central  Europe  with  only  a  few 
days  of  energy  storage  in  molten  salts  would  necessitate  very  high 
capacity  levels,  with  correspondingly  high  energy  input  costs,  and 
lower  system  energy  ratios. 

3.3.  Discussion 

It  is  inevitable  as  RE  progressively  dominates  energy  supply,  that 
energy  ratios  for  intermittent  sources  will  fall  as  energy  conver¬ 
sion  and  storage  becomes  necessary  to  balance  energy  production 


Fig.  2.  Annual  net  wind  energy  output  against  gross  annual  wind  energy  output  for 
the  data  of  Fig.  1.  See  text  for  details. 

with  demand.  To  illustrate  this  for  wind,  one  possible  method  of 
storing  the  electrical  energy  produced  is  to  convert  it  to  hydro¬ 
gen  via  hydrolysis  of  water.  The  effect  of  this  is  shown  in  Fig.  1 
for  the  annual  energy  produced  under  the  land  constrained  case. 
Conversion  to  hydrogen  is  achieved  at  an  estimated  system  effi¬ 
ciency  of  55%  [38],  where  output  is  the  gross  heating  energy  of  the 
annual  hydrogen  production.  The  additional  input  energy  required 
to  undertake  this  conversion  [39],  combined  with  the  reduced 
energy  output  gives  rise  to  a  significant  reduction  in  energy  ratio 
for  this  system  with  all  energy  output  occurring  for  Er  <  7.5,  and  50% 
for  Er<2.5. 

Coincident  with  the  decline  in  energy  ratio  is  a  reduction  in  net 
energy  output  as  RE  system  complexity  increases.  This  is  shown  in 
Fig.  2  for  the  wind  data  of  Fig.  1.  In  this  figure,  annual  net  energy 
output  (gross  less  input  energy)  is  seen  to  increase  with  gross 
energy  output  until  a  peak  value  is  reached  corresponding  to  Er  =  1 , 
after  which  net  output  falls:  additional  wind  turbines  produce  less 
energy  than  used  in  their  production  and  operation.  As  anticipated, 
both  peak  net  energy  and  its  corresponding  gross  output  value 
are  seen  to  depend  on  technology  and  resource  availability  and 
although  not  shown,  a  peak  in  net  output  is  expected  to  occur  for 
each  of  the  other  RE  sources  examined  here  [46]. 

Clearly,  it  matters  greatly  whether  or  not  the  peak  energy  value 
from  all  sources,  but  mainly  wind  and  solar,  occurs  in  the  range 
of  human  interest;  as  shown  in  Section  1,  this  could  be  as  high  as 
2000  EJ  in  a  business-as-usual  world.  Further,  as  will  be  discussed 
in  Sections  4  and  5  below,  it  is  likely  that  the  peak  RE  value  will 
fall  once  additional  constraints  imposed  by  the  environment  and 
climate  change  are  considered. 

Opposing  declines  in  energy  ratio  will  be  improvements  in  tech¬ 
nology,  and  cost  reductions  through  learning  as  output  of  RE  grows 
(although  as  Yeh  and  Rubin  [47]  have  shown,  reliance  on  simple 
log-linear  curves  for  predicting  lower  future  energy  technology 
costs  is  misplaced).  Mature  RE  technologies  like  hydroelectricity 
and  wind  can  expect  few  further  improvements,  but  for  others,  like 
PV  cells,  further  technological  breakthroughs  and  cost  reductions 
with  increased  production  are  possible,  or  even  likely.  However, 
as  experience  with  fossil  fuel  systems  has  shown,  benefits  from 
technological  improvements  can  often  only  be  attained  once  the 
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operating  life  of  existing  plant  has  been  reached;  timing  is  therefore 
critical. 

A  final  factor  to  consider  is  the  availability  of  the  materials  used 
to  produce  RE  systems.  A  number  of  the  most  rapidly  advancing 
RE  technologies  depend  on  materials  that  are  potentially  in  short 
supply,  or  which  will  require  increasing  amounts  of  energy  input 
to  extract  and  process  raw  materials  as  resource  quality  falls.  The 
cost  reductions  implied  by  learning  curves  depend  on  exponential 
growth  in  production,  but  such  growth  will  also  hasten  resource 
depletion  if  RE  sources  are  to  replace  fossil  fuels  in  the  future  [14]. 
Several  researchers,  including  Fridley  [48]  and  Kleijn  and  van  der 
Voet  [49],  have  documented  how  some  amorphous  PV  cells,  per¬ 
manent  magnets  in  wind  turbines,  as  well  as  several  other  ‘green 
technologies’  such  as  fuel  cells,  rely  on  mineral  resources  that  may 
not  be  sufficient  to  satisfy  the  orders  of  magnitude  increases  needed 
for  these  technologies. 


4.  Technical  potential  depends  on  the  level  of 
environmental  constraints 

Environmental  effects  from  RE  can  occur  at  the  very  local  level, 
and  for  low  levels  of  output  from  the  RE  source.  For  example,  one 
wind  turbine  can  cause  some  bird  or  bat  deaths.  But  as  the  global 
output  from  a  given  RE  source  increases  to  (say)  several  hundred 
EJ,  global  environmental  effects  can  occur,  such  as  possible  changes 
to  precipitation  or  heat  fluxes  in  the  case  of  wind  energy  [50]. 

In  future,  as  RE  comes  to  dominate  the  total  primary  energy 
supply,  constraints  on  RE  projects  will  be  subject  to  two  conflicting 
forces.  On  the  one  hand,  as  new  sources  like  wind  and  solar  energy 
are  scaled  up  by  several  orders  of  magnitude  from  their  present 
low  levels,  novel  environmental  problems  are  likely  to  surface 
which  will  tend  to  constrain  RE  energy  growth.  Much  research  has 
stressed  the  environmental  consequences  of  hydropower  [51-53] 
even  though  its  output  is  today  only  around  12EJ  and  will  likely 
never  be  more  than  20-30  EJ.  In  contrast  to  wind  and  especially 
solar,  we  now  know  a  lot  about  the  effects  of  large-scale  hydro  sys¬ 
tems;  we  can  thus  get  some  insight  into  what  problems  a  scaling-up 
of  these  energy  sources  might  throw  up. 

Boyles  et  al.  [54]  have  shown  that  for  wind  power,  environ¬ 
mental  concern  is  not  just  an  abstract  principle.  They  estimate  that 
insectivorous  bats,  by  suppressing  populations  of  insect  pests,  are 
worth  nearly  four  billion  dollars  to  the  US  economy  alone.  Although 
bird  and  bat  deaths  have  been  stressed,  other  more  subtle  adverse 
effects  on  wildlife,  such  as  habitat  fragmentation  due  to  access 
roads,  could  also  be  important  [55].  Simon  [56]  has  discussed  the 
constraints  on  wind  and  solar  energy  projects  in  the  US,  includ¬ 
ing  Native  American  objections  to  the  siting  of  a  solar  plant  in  the 
South-West.  Dean  [57]  has  even  hypothesised  that  the  mechanical 
vibrations  from  proposed  wind  farms  on  peat  soils  in  Scotland  could 
destroy  these  unique  soil  ecosystems  by  changing  their  aeration 
and  hydrology. 

Boehlert  and  Gill  [58]  point  out  that  for  ocean  energy,  including 
off-shore  wind  farms,  the  effect  on  marine  mammals  is  unknown, 
but  could  be  a  ‘show  stopper’.  In  the  IPCC  2007  report,  Sims  et  al. 
[18]  discuss  the  environmental  problems  of  geothermal  energy. 
These  include  land  subsidence  and  chemical  pollution  of  water¬ 
ways,  although  re-injection  of  fluids  can  potentially  ameliorate 
these  problems.  Table  4  summarises  the  known  and  possible  envi¬ 
ronmental  and  social  effects  reported  in  the  literature  for  the  six 
major  RE  types. 

On  the  other  hand,  if  RE  is  to  take  over  from  fossil  fuel  energy 
the  task  of  supplying  the  world’s  growing  energy  needs,  it  could 
be  argued  that  it  is  necessary  to  cut  back  on  environmental  con¬ 
straints.  Otherwise,  many  of  the  most  suitable  sites  will  not  be 
developed.  Two  important  arguments  can  be  advanced  in  support 


Table  4 

Environmental  and  social  effects  of  RE. 


RE  type 

Environmental  and  social  effects 

References 

Solar 

Pollution  from  PV  production; 
adverse  effects  on  fragile  semi-arid 
land  ecosystems;  competition  for 
fresh  water;  depletion  of  scarce 
materials;  albedo  decreases. 

[14,56,59] 

Wind 

Bird  and  bat  deaths;  possible 
habitat  loss  for  other  wildlife; 
noise  and  vibration  pollution  for 
nearby  residents;  adverse  effects 
on  visual  amenity;  possible 
adverse  effects  on  marine 
mammals  from  offshore  wind 
farms;  possible  climate  changes  for 
large-scale  implementation. 

[14,31,54-57,60-63] 

Ocean 

For  OTEC,  disruption  to  marine 
ecosystems  from  need  to  pump 
vast  amounts  of  seawater;  possible 
adverse  effects  on  marine 
mammals  from  wave  and  current 
energy  devices;  shipping 
disruption. 

[14,58,64] 

Hydro 

Loss  of  homes  and  livelihoods  for 
those  displaced;  fresh-water 
biodiversity  loss;  inundation  of 
farmland  or  natural  forest;  possible 
increases  in  micro-seismicity  and 
slope  instability;  loss  of  heritage 
sites;  increased  downstream 
erosion;  coastal  land  retreat  and 
declining  soil  fertility  from  loss  of 
sediment  deposition;  greenhouse 
gas  emissions  from  submerged 
biomass. 

[14,18,52,53,65] 

Biomass 

Competition  with  other  biomass 
uses  (especially  food  production) 
for  fertile  land  and  water;  loss  of 
existing  uses  for  biomass  wastes; 
biodiversity  loss. 

[41,65,66] 

Geothermal 

Land  subsidence;  increase  in 
micro-seismicity;  potential  air  and 
water  pollution. 

[14,18,63] 

of  this  position.  First,  by  using  the  best  sites  (those  with  the  highest 
energy  ratio),  the  total  number  of  wind  turbines,  for  example,  can 
be  reduced  for  a  given  net  energy  output— and  electricity  costs  will 
be  lower.  This  is  a  similar  to  the  argument  put  forward  in  favour 
of  intensive  agriculture,  that  because  of  higher  yields  per  hectare  it 
saves  destruction  of  natural  forest. 

Another  argument  is  that  we  also  need  to  weigh  the  adverse 
environmental  consequences  of  major  RE  installations  with  those 
from  alternative  energy  production  methods,  particularly  fossil 
fuels.  While  it  is  true  that  emissions  of  SOx,  NOx  and  particulates 
per  kWh  output  have  declined  because  of  pollution  capture  devices, 
especially  in  OECD  countries,  global  C02  emissions  continue 
unabated.  Further,  as  fossil  fuel  availability  declines,  unconven¬ 
tional  sources  are  being  increasingly  tapped,  such  as  Canadian  oil 
sands,  deep  sea  oil  and  natural  gas  shales  from  shales.  These  sources 
not  only  tend  to  have  higher  C02  releases  per  unit  of  delivered  fuel 
than  conventional  sources,  but  have  other  serious  environmental 
effects,  as  illustrated  by  the  Deep  Horizon  oil  spill  in  the  Gulf  of 
Mexico.  New  production  methods,  such  as  hydro-fracturing  for  NG 
(which  involves  breaking  up  the  shale  formation  the  NG  is  trapped 
in  to  facilitate  gas  extraction),  and  mountaintop  mining  for  coal  in 
the  US,  also  exacerbate  water  pollution,  as  well  as  carbon  emissions 
[67]. 

The  environmental  problems  of  RE  operation  are  thus  pitting 
local  environmentalists  against  major  environmental  organisations 
with  a  more  national  or  even  global  viewpoint,  including  aware¬ 
ness  of  the  environmental  costs  of  fossil  fuels.  This  conflict  is 


250 


P.  Moriarty,  D.  Honnery  /  Renewable  and  Sustainable  Energy  Reviews  16  (2012)  244-252 


already  happening  in  the  case  of  wind  generation,  but  can  only 
become  more  acute  as  more  environmentally-sensitive  sites  must 
be  tapped  if  output  is  to  rise.  RE  sources,  unlike  fossil  fuels,  are 
regarded  as  ‘clean  fuels’;  the  public  thus  find  it  harder  to  accept 
environmental  damages  from  these  energy  sources.  Above  all,  we 
must  realise  that  there  is  a  third  way;  we  can  reduce  the  envi¬ 
ronmental  problems  of  both  RE  and  its  alternatives  by  using  less 
energy,  either  through  more  efficient  energy-consuming  devices 
or  less  use  of  these  devices  [14,68,69]. 


5.  On-going  climate  change  will  affect  RE  technical 
potential 

The  Earth  is  committed  to  a  further  0.7  °C  temperature  rise 
even  if  all  emissions  stopped,  because  of  the  thermal  inertia  of  the 
oceans,  which  delays  the  eventual  temperature  rise  for  any  con¬ 
stant  level  of  climate  forcing.  And  given  the  vast  investments  in 
fossil  fuel  infrastructure,  it  is  probable  that  atmospheric  concen¬ 
trations  of  greenhouse  gases  will  continue  to  rise  for  some  time, 
and  with  them  global  temperatures.  An  important  consequence  is 
that  the  technical  potentials  for  the  most  important  RE  sources 
can  be  expected  to  change  with  this  on-going  climate  change. 
Only  geothermal  and  tidal  energy  sources  will  not  be  directly 
affected. 


5.2.  Hydropower 

At  the  global  level,  researchers  disagree  on  the  impact  of  climate 
change  on  total  hydro  output.  Using  the  POLES  model,  Mima  and 
Criqui  [70]  found  rises  in  global  hydro  output  of  3.7%  for  2050  and 
6.8%  for  2100.  Following  the  study  of  European  hydro  by  Lehner 
and  colleagues  [71],  they  found  declines  for  Europe,  but  gains  in 
other  world  regions.  For  the  Pacific  Northwest,  the  model  results  of 
Hamlet  et  al.  [72],  showed  that  by  the  2080s,  any  increases  in  win¬ 
ter  hydro  production  were  more  than  offset  by  summer  decreases, 
with  overall  annual  reductions  of  2.6-3.2%. 

An  important  consideration  here  is  the  long  life  of  hydro 
projects  compared  with  other  RE  sources:  up  to  100  years  for  large 
hydropower  dams  [73].  Hydro  planning  must  in  consequence  take 
a  much  longer  view  than,  for  example,  wind  farm  planning,  with 
perhaps  a  20  year  life.  Uncertainty  regarding  future  river  flows 
will  inevitably  be  higher  the  longer  the  time  frame  used.  Although 
in  general  it  is  expected  that  precipitation  will  rise  in  a  warm¬ 
ing  world,  at  the  regional  and  river  basin  level,  different  GCMs 
often  give  divergent  results  for  change,  sometimes  with  varying 
sign.  Ongoing  global  warming  will  also  alter  the  temporal  nature 
of  stream  flows  (because  of  less  precipitation  falling  as  snow  in 
alpine  and  high  latitude  regions)  and  reservoir  sedimentation  rates 
(because  of  greatly  increased  erosion  rates  expected  from  increased 
extreme  rainfall  events)  [14].  All  these  factors  will  add  to  the  uncer¬ 
tainty  for  future  hydropower  investment,  leading  to  lower  installed 
capacity. 

If  the  world  continues  to  take  no  effective  climate  mitigation 
actions,  it  is  possible  that  at  some  future  date  one  or  more  nations 
might  decide  to  try  geoengineering.  The  most  likely  method  is  by 
aerosol  injection  into  the  lower  stratosphere,  as  it  has  low  direct 
implementation  costs,  will  quickly  lower  temperatures,  and  can  be 
reversed  [14].  Unfortunately,  it  is  not  possible  to  stabilise  temper¬ 
atures  without  an  average  reduction  in  precipitation  levels  [74], 
which  will  reduce  hydro  potential.  On  the  other  hand,  the  lower 
resultant  temperatures  should  mean  lower  reservoir  evaporation 
and  fewer  extreme  precipitation  events  or  droughts,  which  would 
both  increase  potential  output  and  make  flows  more  predictable. 


5.2.  Bioenergy 

Zhao  and  Running  [75]  have  examined  the  annual  variation  of 
global  NPP  over  the  past  three  decades  and  concluded  that  NPP  has 
fallen  in  the  years  2000-2009.  They  argued  that  climate  change  is 
the  main  cause.  Other  research  using  coupled  carbon-climate  mod¬ 
els  [76,77]  has  shown  that  carbon  stored  in  terrestrial  biomass  can 
be  expected  to  decline  in  the  coming  decades  if  GHG  emissions  are 
not  halted.  Both  forests  and  soils,  particularly  in  the  tropics,  will 
then  change  from  being  C02  sinks  to  net  sources. 

As  already  noted,  bioenergy  is  only  one  of  several  competing 
human  uses  for  biomass.  The  share  of  NPP  appropriated  by  human¬ 
ity  -  human  appropriation  of  NPP  (HANPP)  -  has  been  estimated  at 
between  14.1%  and  26.1%  [78],  although  values  of  up  to  55%  have 
been  reported,  depending  on  which  items  are  included  [79].  Some 
researchers,  e.g.  [66]  regard  the  present  HANPP  level  as  already 
unsustainable.  In  any  case  these  values  are  very  high  compared 
with,  for  example,  wind  or  solar  energy  utilisation.  If  meeting  the 
food  needs  of  an  expanding  world  population  is  seen  as  a  prior¬ 
ity,  then  bioenergy  must  compete  with  the  other  uses  of  biomass 
(which  are  also  rising)  for  the  non-food  fraction  of  the  sustainable 
level  of  HANPP.  It  follows  that  future  bioenergy  production  levels 
will  be  very  sensitive  to  any  factors  which  could  lower  NPP. 

5.3.  Wind  energy 

The  potential  for  wind  energy  will  be  affected  by  climate  change 
to  the  extent  that  average  wind  speeds  change.  The  literature  on 
this  topic  differs  in  estimates  of  the  size  and  even  the  sign  of 
the  changes.  Pryor  and  Barthelmie  [80]  found  only  small  reduc¬ 
tions  in  potential  European  wind  output:  <3%  by  2050  and  <5%  by 
2100.  They  also  stressed  that  the  need  for  de-icing  turbines  would 
decrease.  For  Brazil,  a  recent  study  [81]  found  that  overall  wind 
potential  would,  if  anything,  show  a  small  future  increase  with 
global  climate  change. 

Sailor  and  colleagues  [82]  found  that  for  the  Northwest  US,  the 
wind  power  resource  by  the  end  of  the  century  would  decrease  by 
up  to  40%  in  the  summer  and  spring  months,  but  with  no  consistent 
change  in  the  other  months.  Because  of  the  non-linear  dependence 
of  wind  power  output  with  wind  speeds,  the  40%  decline  resulted 
from  only  about  a  5-10%  fall  in  wind  speeds. 

Ren  [83]  developed  a  general  relationship  for  China  as  a  whole 
using  eight  general  circulation  models.  He  found  that  wind  power 
declined  as  a  power  law  of  temperature  change,  and  that  even  for 
the  mild  IPCC  emissions  scenario  (Al  B)  a  14%  reduction  in  available 
wind  power  could  be  expected  in  China  by  2100.  As  he  explains: 
The  global  poleward  temperature  gradient  drives  the  overall  cir¬ 
culation  pattern  of  the  earth’s  atmosphere’.  The  reduction  in  wind 
power  is  thus  caused  by  the  decreased  temperature  differential 
between  the  polar  regions  and  lower  latitudes  as  global  warm¬ 
ing  continues.  Such  reductions  have  been  both  predicted  by  all 
GCMs  and  observed  in  the  field.  Similar  reductions  in  wind  poten¬ 
tial  should  occur  in  other  higher  latitude  regions  such  as  Western 
Europe,  which  together  have  most  of  the  global  wind  potential  [38]. 

5.4.  Solar  energy 

Solar  energy  potential  will  be  mainly  affected  by  changes  in 
cloud  cover,  which  will  affect  STEC  and  any  focused  PV  systems. 
Non-concentrating  systems  (most  present  PV  systems)  can  use  dif¬ 
fuse  insolation,  as  can  flat  plate  collectors.  Using  a  multi-model 
ensemble,  Patt  and  colleagues  [84]  found  that  at  latitudes  higher 
than  about  50°  N  and  50°  S,  cloud  cover  would  rise  by  up  to  a 
few  percent.  But  between  50°  N  and  50°  S,  where  almost  all  STEC 
systems  can  be  expected  to  be  built,  cloudiness  was  modelled  to 
remain  the  same  or  even  decrease  by  a  few  percent.  They  also  found 
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that  for  most  PV  types,  performance  decreases  with  rising  tempera¬ 
tures.  They  suggest  either  using  less  heat-sensitive  PV  types  in  high 
temperature  regions,  or  using  STEC  instead. 

Geoengineering  with  aerosols  would  also  lower  solar  energy  as 
well  as  global  hydropower  potential.  Sulphate  aerosols  in  the  lower 
stratosphere  will  tend  to  scatter  direct  light,  and  so  will  adversely 
affect  output  from  existing  or  planned  STEC  systems.  According  to 
Murphy  [85],  ‘each  1%  reduction  in  total  sunlight  reaching  the  earth 
from  enhancement  of  stratospheric  aerosols  will  cause  a  4-1 0%  loss 
in  output  from  concentrated  solar  power  applications  depending 
on  what  measure  is  used  for  electrical  output’.  After  the  Mount 
Pinatubo  eruption  in  1 991 ,  which  put  millions  of  tonnes  of  sulphate 
aerosols  into  the  stratosphere,  output  of  US  STEC  systems  was  sig¬ 
nificantly  reduced  [85].  Some  passive  solar  systems  would  also  be 
less  effective.  In  summary,  climate  change  may  reduce  PV  poten¬ 
tial  but  will  benefit  global  solar  potential  for  STEC— unless  aerosol 
geoengineering  is  attempted. 

5.5.  Discussion 

Climate  change  has  the  potential  to  directly  affect  the  techni¬ 
cal  potential  of  all  RE  sources,  except  tidal  and  geothermal  energy. 
In  addition,  geoengineering  aerosol  with  aerosols  could  reduce  the 
technical  potential  for  concentrated  solar,  and  because  of  reduced 
precipitation,  hydro  and  even  biomass  potentials.  The  potential 
reduction  in  total  RE  potential  is  most  uncertain,  but  its  existence 
adds  urgency  to  the  shift  to  renewables;  the  longer  we  delay,  the 
lower  their  technical  potential.  Unfortunately,  since  the  majority 
input  energy  costs  for  RE  must  usually  be  made  before  any  energy  is 
produced,  possible  growth  rates  for  RE  are  subject  to  limits  [39,69]. 
It  is  thus  important  to  reduce  total  energy  use  [86]. 

RE  sources  are  not  the  only  energy  sources  potentially  affected 
by  climate  change.  Droughts  are  already  reducing  the  output  of 
water-cooled  thermal  power  stations,  whether  fossil-fuelled  or 
nuclear  plants  [14].  Since  climate  change  is  expected  to  increase 
the  severity  of  prolonged  droughts,  output  restrictions  on  exist¬ 
ing  plants  could  increase  in  severity.  Increased  temperatures  also 
lower  power  plant  efficiency.  Mima  and  Criqui  [70]  found  only 
small  reductions  by  2050,  but  8%  reductions  by  2100.  Risk  of  flood¬ 
ing  can  lead  to  power  station  closures  for  safety  reasons,  and  again, 
increased  flood  severity  can  be  expected  as  climate  changes. 


6.  Conclusions 

By  2050,  the  world  may  need  1000EJ  of  primary  energy,  if 
business-as-usual  projections  of  global  economic  growth  are  to  be 
realised.  Given  the  problems  facing  both  fossil  and  nuclear  fuels, 
within  a  very  few  decades,  RE  will  have  to  account  for  most  energy 
production.  Yet  pervasive  uncertainty  surrounds  estimates  of  tech¬ 
nical  potential  for  all  renewable  energy  sources  except  hydro,  both 
at  the  national  and  global  levels.  Global  estimates  in  the  published 
literature  can  vary  by  up  to  two  orders  of  magnitude,  making  their 
use  problematic  for  energy  planning. 

One  explanation  for  the  wide  range  of  estimates  for  RE  poten¬ 
tial  is  that  energy  ratios  are  not  usually  factored  in.  We  argue 
here  that  for  each  RE  source,  the  energy  ratio  will  decline  as 
the  higher-quality  resources  are  progressively  exploited,  until  the 
energy  return  on  input  energy  is  too  small  to  be  viable.  We  provide 
a  quantitative  example  in  the  case  of  global  wind  energy.  Further, 
since  for  large  RE  output,  most  will  have  to  come  from  intermittent 
wind  and  solar  energy,  energy  conversion  and  storage  will  need  to 
be  progressively  implemented  in  the  world’s  grids,  further  lower¬ 
ing  energy  ratios.  When  energy  input  is  factored  in,  it  is  likely  a  peak 
in  net  output  energy  will  occur,  giving  rise  to  an  optimum  value  in 


annual  gross  RE;  beyond  this  value,  net  output  from  RE  sources  will 
fall. 

All  energy  sources  generate  unwanted  environmental  side- 
effects  such  as  local  air,  water  or  soil  pollution,  greenhouse  gas 
emissions,  or  biodiversity  loss.  Even  the  types  of  environmental 
damages  caused  by  RE  sources  can  be  uncertain,  mainly  because 
of  their  present  low  levels  of  output  compared  with  that  needed. 
Siting  of  new  RE  projects  have  met  with  local  environmental  oppo¬ 
sition,  which  could  escalate  as  RE  output  is  scaled  up  many-fold.  On 
the  other  hand,  their  adverse  environmental  effects  must  be  com¬ 
pared  with  those  from  fossil  or  nuclear  energy  production,  which 
are  set  to  rise  per  unit  of  output  as  more  use  of  unconventional 
fossil  fuels,  or  recourse  to  fast  reactors,  is  needed. 

The  technical  potential  for  solar  RE,  both  direct  and  indirect,  will 
vary  with  on-going  climate  change.  For  hydro,  with  its  long  project 
life,  future  uncertainty  in  stream  flows  could  discourage  invest¬ 
ment.  Biomass  will  be  disproportionately  affected  by  changes  in 
precipitation  and  soil  moisture  levels,  as  well  as  any  possible  rises  in 
extreme  weather  events  and  insect  pest  or  fire  outbreaks,  because 
of  its  probable  status  as  a  residual  biomass  use.  Global  wind  energy 
potential  will  fall  if  temperature  differentials  between  equatorial 
and  polar  regions  continue  to  fall.  Concentrating  solar  energy  sys¬ 
tems  such  as  STEC  plants  will  experience  declining  output  if  aerosol 
geoengineering  is  implemented. 

RE  will  have  to  dominate  the  future  global  energy  mix,  but  it  will 
not  be  immune  to  problems.  Overall  energy  reductions,  as  well  as 
RE,  will  be  needed  to  minimise  adverse  impacts  that  are  inevitable 
with  any  energy  source.  It  is  therefore  likely  that  environmental 
and  climate  change  constraints  will  act  to  further  reduce  the  opti¬ 
mum  level  of  gross  output  from  RE  sources  below  that  indicated  by 
considering  direct  energy  inputs  alone. 
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